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We have utilized active immunization against growth hormone releasing factor
(GRF) to investigate relationships among somatotropin (ST), insulin-like growth
factor-1 (IGF-I), IGF binding proteins (IGFBP) and ovarian function in heifers.
Active immunization against GRF (GRFi) has been demonstrated to abolish
episodic release of ST and decrease serum concentrations of IGF-L In initial
experiments investigating onset of puberty, breeds of heifers differing in growth rate
and reproductive traits (Angus, Charolais and Simmental) were immunized against
GRF or served as controls (immunized against carrier protein, human serum
albumin, HSAi). GRFi decreased rate of muscle and skeletal growth, but increased
deposition of adipose tissue. In Angus and Charolais, but not Simmental heifers,
GRFi at 6 mo of age significantly delayed onset of puberty beyond 18 mo of age.
Retrospective analyses of serum IGF-I revealed that GRFi heifers reaching puberty
at a normal age had greater pre-treatment (6 mo of age) IGF-I thah GRFi heifers in
which puberty was delayed. Collectively, these results strongly indicate that the
bovine hypothalamic-hypophyseal-ovarian axis is particularly sensitive to changes in
metabolism at or near 6 mo of age.

Another series of experiments tested the hypothesis that lowering serum IGF-I
via GRFi initially at 3 mo of age would increase the percentage of Angus
and Simmental heifers not reaching puberty. Three mo old Angus and Simmental
heifers were assigned to GRFi (n = 18), HSAi (n = 14) or received no treatment
(controls, n = 16). HSAi and GRFi heifers were unilaterally ovariectomized
(ULO) at 6 mo of age. As anticipated, GRFi at a younger age increased percentage
of heifers not reaching puberty; over 75% of control and HSAi heifers reached
puberty by 14 mo.of age compared to 22% of GRFi heifers. Serum and follicular
fluid (FFL; follicles <4 mm) concentrations of IGF-I were suppressed by GRFi.
Serum, but not FFL concentrations of IGF binding protein-2 (IGFBP-2) were
greater in GRFi than in HSAi heifers. GRFi delayed puberty apparently by
suppressing follicular growth because number of follicles <7 mm was significantly
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lower in GRFi than in HSAI heifers. In conclusion, active immunization against
GRF at 3 or 6 months of age delays puberty in beef heifers. Delayed puberty was
preceded by suppression of follicular growth, and decreased concentrations of IGF-I
in serum and follicular fluid. Collectively, these studies demonstrate that ovarian
function between 3 and 8 mo of age and subsequent onset of puberty are particularly
sensitive to changes in the ST-IGF-I axis.
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INTRODUCTION

Lifetime productivity of beef females is enhanced if heifers conceive at 13
mo of age (1). Several factors such as breed, nutritional status, and exposure to
bulls influence timing of puberty (2). Of most practical importance is the effect
of nutritional status. Restriction of feed intake, either experimentally- or
environmentally-induced, delays puberty in heifers (2,3). A better
understanding of mechanisms through which alterations in metabolism affect
ovarian function and ultimately puberty could lead to management practices
that would increase overall productivity.

Changes in the hypothalamo-hypophyseal-ovarian axis prior to puberty
have been previously reported (2,3). Puberty in heifers is preceded by an
increase in frequency of episodic release of luteinizing hormone (LH),
presumably due to a decrease in negative feedback of estradiol on LH (4-7).
The anterior pituitary and ovary are responsive to gonadotropin releasing
hormone (GnRH) and gonadotropins, respectively, as early as 3 months of age
(8-11). However, induction of follicular growth and ovulation in prepuberal
heifers is typically not followed by normal estrous cycles (9). Thus, changes in
the hypothalamus, particularly sensitivity to negative feedback effects of
estradiol and alterations in frequency of GnRH release, are prerequisite for
normal timing of puberty in the heifer.

Several researchers have demonstrated that feed restriction affects ovarian
function through a decrease in frequency of LH release (12-14). Potential
signals mediating effects of a nutritional stress on ovarian function have been
the subject of several reviews (13-16). However, precise signals through which
alterations in metabolism affect hypothalamo-hypophyseal-ovarian function
have not been elucidated. Experiments conducted in several species have
demonstrated that restriction of feed intake elicits changes in metabolic
hormones and metabolites. For example, concentrations of non-esterified fatty
acids increase and insulin decrease (12,17,18) during feed restriction. In
addition, feed restriction alters the ST, IGF-I and IGFBP axis (19-21). The
normal positive relationship between ST and IGF-I is ‘“‘uncoupled” by
restriction of feed intake; concentrations of ST increase and IGF-I decrease
after feed restriction in ruminants (22-24). Decreased serum IGF-I and
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decreased responsiveness of IGF-I to ST are temporally related to a reduction
in hepatic ST receptors (25). Studies have demonstrated that feed restriction
causes a decrease in hepatic concentration of IGF-I mRNA (26,27); however,
restriction of protein intake may alter stability of 7.5-kb IGF-I mRNA (28).

In addition to “uncoupling” ST and IGF-I, feed restriction causes shifts in
abundance of serum IGFBP (19-21). In particular IGFBP-1 has also been
demonstrated to be involved in plasma glucose regulation (29,30). Evidence for
metabolic regulation of IGFBP has also been demonstrated using the diabetic
pig model. Diabetes causes a decrease in serum IGF-I (31) and a decrease in
a 29 kDa IGFBP (32). More recently, Hughey et al. found that FFL from
diabetic pig follicles had lower IGFBP activity than non-diabetic pig follicles
(33). Less data is available for effects of nutrition on IGFBP in ruminants (21).
One report found that feed restriction in sheep was associated with a decrease
in serum IGFBP-3 (34).

Much information is available with regard to effects of IGF-I and IGFBP
on ovarian function in vitro. Several reports have demonstrated effects of
IGF-I and IGFBP on granulosa cell differentiation and proliferation (35-37).
In vitro, IGF-1 enhances FSH-stimulated steroid production in murine (35)
and porcine (36,37) granulosa cells. Addition of FSH increases IGFE-I (36) and
decreases IGFBP secretion (37,38) by porcine granulosa cells. IGFBP may
serve as additional regulators of FSH-stimulated steroid production by
granulosa cells and follicular differentiation. Several IGFBP mRNA are found
in rat (39) and pig (38,40) ovaries. In both rat (41) and pig (38) granulosa cell
cultures, low doses stimulate and high doses of FSH inhibit IGFBP activity.
Intra-ovarian IGFBP are further regulated by IGF-I. Grimes and Hammond
(42) recently reported that IGF-I stimulated production of IGFBP-2 and -3 by
porcine granulosa cells in vitro.

Less information is available with regard to in vivo effects of IGF-I and ST
on ovarian function. In vivo effects of ST on ovarian function have been
studied in cattle (43-48) and gilts (49-53) and have yielded equivocal effects.
More recent reports have demonstrated that ST via direct or indirect effects
may alter folliculogenesis. Exogenous ST administered to lactating cows
(54,55) or non-lactating heifers (44) increased number of medium sized
follicles, whereas ST increased number of small follicles in gilts (53). In
addition, in two separate reports ST increased serum progesterone (43,48);
however, effects on LH and FSH were equivocal (43,48). A positive effect of
ST and(or) IGF-I on follicular growth is consistent with reports in humans
that concomitant administration of ST enhances effectiveness of
gonadotropins for induction of ovulation (56).

Putative mechanisms through which ST alter follicular growth include .
direct effects on the ovary, indirect via the hypothalamo-hypophyseal axis
and(or) indirect through IGF-I at any or all of the aforementioned sites. Lucy
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(57) reported that ST receptors arc present in the bovine ovary, with
concentrations of ST receptor mRNA and receptors greater in the CL than in
follicles (57). Thus, ST may alter ovarian function via direct effects on the
ovary with IGF-I likely acting as an intra-ovarian mediator. However, an
endocrine effect of IGF-I cannot be excluded (58,59).

In addition to IGF-I receptors and mRNA present in the ovary (35,36) and
liver (26), IGF-I mRNA and receptors are present in the median eminence
(60-62). A recent report adds credence to possible endocrine effects of IGF-I;
in vitro release of GnRH by rat median eminence was increased by IGF-1 (63).
Both IGF-Il and insulin were effective but at greater concentrations.

The GRE-ST-IGF-I axis could also affect ovarian function via dircct
effects of peripherally or locally produced GRF. Spicer and Enright (64) found
that exogenous GRF altered number of medium follicles in heifers. Several
reports have demonstrated that GRF affects granulosa cell function in vitro
(65-67). Finally, GRF mRNA is present in the rat ovary (68). Further studies
are needed to clarify mechanisms through which alterations in GRF-ST-1GF-1
alter ovarian function.

Based on the aforementioned effects of ST and IGF-1 on ovarian function
in vitro and in vivo, we felt it was particularly important to develop an
in vivo model in which we could alter peripheral and tissue ST and IGF-I
concentrations. For our model we have utilized active immunization against
GRF conjugated to human serum albumin (GRFi). GRFi effectively lowers
serum ST by inhibiting episodic release from the anterior pituitary.
Consequently, serum ST and IGF-1 concentrations are greatly diminished
but remain detectable. We have utilized GRFi to investigate relationships
among metabolism, body composition and reproduction in porcine (69,70)
and bovine (71,72) species under a variety of physiological states. The
remainder of this paper will focus on our studies investigating relationships
among ST, IGF-1, IGFBP, growth and puberty in heifers.

Effect of GRFi on ST, IGF-1 and IGFBP in serum

In initial studies, we actively immunized gestating-lactating females (69,71)
or postpuberal females (70) against GRF. GRFi abolished episodic release of
ST in bovine (heifers and cows) and porcine females (gilts). In addition, serum
concentrations of IGF-I were significantly decreased (70,71). More recently,
we evaluated effects of GRFi on hormones and metabolites in heifers (72) and
steers (73). Both frequency of release and mean ST were decreased by GRFi.

Active immunization against GRF, in addition to producing the
aforementioned effects on ST and IGF-1, alters other metabolites and
hormones. Serum concentrations of insulin and to a lesser extent, glucose are
consistently decreased by GRFi in heifers (72). In contrast, we have failed to
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observe an effect of GRFi on serum NEFA. These changes in metabolism are
consistent with previously reported effects of exogenous ST on insulin, glucose
and body composition in cattle (74,75) and swine (76). In addition, we
previously reported that GRFi during gestation and lactation in pigs increased
fat deposition in vivo and lipogenesis in vitro (77). Consistent with these results
in swine, GRF1 increased deposition of fat in heifers (72) and steers (78).

Based on previous results (19,21), we hypothesized that GRFi and the
resulting changes in ST and IGF-I would drastically alter profiles of serum
IGFBP (i.e. — IGFBP-3 would decrease; IGFBP-2 would increase). Ag
anticipated, serum concentrations of IGFBP-3 were decreased by GRFi. This
was likely due to decreased IGF-I and(or) ST (19,21). Serum concentrations
(ng/ml) of IGFBP-2 were consistently greater in GRFi (594 +48) than in
HSAi (3844 52) heifers (79). These effects on IGFBP-2 and -3 were reversed by
administration of exogenous ST (79). These observations are consistent with
previous reports by Cohick et al. (80) and others (21,81). Thus, GRFi provides
an excellent model for altering concentrations of ST, IGF-I and IGFBP in viyo.

Effect of GRFi on prepuberal ovarian function and puberty in heifers

We reasoned that GRFi at an early age would alter growth rate and body
composition and thus provide a model to investigate relationships among body
composition, metabolism and onset of puberty in heifers. In our initig]
experiment (72), we evaluated effects of GRFi in two diverse genotypes (Angus
and Charolais) differing in age at puberty, mature body weight and body
composition. We actively immunized Angus and Charolais (n=43) heifers
against GRF or HSA at 6 months of age. Boosters of appropriate antigen were
given at 7.5 mo of age and at 2-3 mo intervals thereafter. GRFi decreased
deposition of muscle and skeletal development; however, fat depth was
increased. These changes were associated with decreased ST and IGF-I. Effects
of GRFi on body composition, ST and IGF-I were similar in Angus and
Charolais heifers (72).

Our most exciting result was the effect of GRFi on puberty; GRFi delayed
puberty beyond 18 mo in over 40% of heifers (Fig. 1) (72). In addition,
treatment effects were similar in Angus and Charolais heifers. Differences in
average concentrations or frequency of release of LH were not detected. Ag
depicted in Fig. 1., effects of GRFi on puberty were an “all or none”
phenomena, i.e. heifers reached puberty by 12-13 mo of age or they remained
acyclic until at least 18 mo of age (82). We were therefore interested in
ascertaining potential differences between heifers that cycled or remained
acyclic. We found that serum concentrations of IGF-I at time of treatment
(6 mo of age) and average daily gain from 6 to 8 mo of age were greater in
GRPFi heifers that reached puberty than in GRFi heifers that were acyclic at 18
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mo of age (72). We were interested in determining whether antibody
production differed in cyclic versus acyclic heifers. Percentage binding of
125[_.GRF one week after first booster was greater in acyclic than in cyclic
Angus heifers; however, percentage binding was not related to occurrence of
puberty in Charolais heifers (72).
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Fig. 1. Cumulative percentage heifers attaining puberty from 8 to 19 mo of age in Angus and
Charolais heifers immunized at 6 mo of age against HSA or GRF. Onset of puberty was similar in

Angus and Charolais heifers thus data were pooled. Significantly fewer GRFi heifers reached
puberty by 18 mo of age compared to controls (HSAI) (72).

The “all or none” effect of GRFi on puberty has provided an excellent
opportunity to evaluate effects of low serum IGF-I and ST on cycle length,
serum progesterone and conception rates. Initially, we characterized
concentrations of progesterone and IGF-I in cyclic, control (HSAi) and GRFi
heifers. Serum samples were collected every other day via venipuncture from
HSAi (n=14) and GRFi (n=9) heifers. Length of estrous cycle or luteal phase
(based on serum progesterone) was not affected by GrFi. Furthermore,
concentrations of progesterone were similar in GRFi and HSAI heifers. Serum
IGF-I did not vary significantly with day of cycle in either HSAi or GRFi
heifers. Finally, all heifers were exposed to bulls, conceived and calved. Thus,
providing heifers attain puberty, GRFi did not alter progesterone, cycle length
or ability of heifers to become pregnant and calve.

Our next study evaluated the hypothesis that GRFi delays puberty
independent of effects of GRFi on ADG (83). Angus, Charolais and
Simmental heifers were assigned to GRFi or HSAi at 6 mo of age. At 7.5 mo
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Fig. 2. Onset of puberty in GRFi and HSAi Simmental (S), Angus (A) and Charolais (c) heifers.

Pubertal onset was not affected by GRFi or feed restriction in S heifers; therefore, data were

pooled and represented as S (all). Feed restriction failed to alter timing of puberty in A and

C heifers, thus data were pooled (HSAi A & C). Immunization against GRF delayed puberty in
A and C, but not in S heifers (83).

of age, HSAI heifers were fed to gain .9 (HSAi-C) or restricted in feed intake to
gain .7 (HSAi-R) kg/d. GRFi heifers were fed to gain .9 kg/d with an expected
gain of .7 kg/d. Puberty was monitored by weekly serum progesterone
concentrations and frequent blood samples (every 15 min for 8 h) were
collected at 3 wk intervals from 28 heifers. As anticipated , ADG and serum
IGF-I were lower in GRFi and HSAI-R than in control heifers. However,
concentrations of IGF-I were only marginally decreased by HSAI-R,
particularly when compared to effects of GRFi. Further analyses revealed that
serum LH was decreased by HSAI-R, but not by GRFi. Although feed
restriction had marginal yet significant effects on IGF-I and LH, onset of
puberty was not affected in Angus, Charolais and Simmental heifers.
Consistent with our previous report, GRFi delayed puberty (P <.05) in Angus
and Charolais heifers (Fig. 2). In contrast, percentage of heifers puberal by 15
mo of age was similar in GRFi and control Simmental heifers (Fig. 2). These
results indicated a breed difference in mechanism or timing of mechanism with
regard to effects of IGF-I on prepuberal ovarian function. Collectively, these
data indicate that GRFi results in greater reductions in IGF-I than feed
restriction. In addition, absence of effects of GRFi on LH indicate a potential
ovarian site of action.

Based on previous results suggesting that onset of puberty in GRFi heifers
was related to IGF-I at time of treatment (6 mo of age) (72) and GRFi at 6 mo
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of age failed to delay puberty in Simmental heifers (83), we hypothesized that
GRFi at an earlier age would delay puberty in a greater percentage of heifers.
To test this hypothesis we assigned Angus and Simmental heifers to GRFi,
HSAI or no treatment (Con) at 3 mo of age (84). In addition, we unilaterally
ovariectomized (ULO; left ovary) GRFi and HSAI heifers at 6 mo of age in
order to determine effects on follicular growth. Follicular diameters were
recorded and follicular fluid aspfrated. As hypothesized, GRFi at 3 mo of age
decreased percentage of heifers that reached puberty by 14 mo of age (Fig. 3).
Onset of puberty was not significantly altered by ULO. In addition, GRFi
delayed puberty in Angus and Simmental heifers. Thus, our failure to delay
puberty in Simmental heifers via GRFi at 6 mo of age was due to a breed
difference in timing of immunization.
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Fig. 3. Attainment of puberty in heifers immunized against GRF or HSA at 3 mo of age,

or heifers not treated. GRFi and HSAi heifers were unilaterally ovariectomized at 6 mo

of age. Unilateral ovariectomy did not alter timing of puberty, thus data from control and

HSAi heifers were pooled (Con). GRFi at 3 mo of age delayed puberty beyond 15 mo
in over 75 % of heifers (84).

Summarization of effects of GRFi at 3 mo of age on follicular growth and
FFL concentrations of IGF-I and IGFBP at 6 mo of age provided valuable
insight as to possible mechanisms through which GRFi delayed puberty (34).
Number of large, but not small or medium sized follicles at 6 mo of age were
decreased by GRFi (.3 +.2 vs 1.1 +.4). In addition, we found that serum and
FFL <4 mm follicles) concentrations of IGF-I were lower in GRFi than in
HSAi heifers. In addition to lowering concentrations of IGF-I in both
compartments, GRFi dramatically reversed the ratio of serum to FFL IGF-I
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(HSAi — serum >FFL; GRFi — FFL >serum). In vitro reports have
demonstrated that IGF-I is synthesized by granulosa cells (35,36); however,
we do not know whether decreased FFL IGF-I reflects transudation of
serum IGF-I and(or) reduction in ovarian synthesis of IGF-I. A shift in
the ratio of serum to FFL IGF-I by GRFi provides indirect evidence
for an ovarian site of action.

Equally important to effects of GRFi on serum and FFL IGF-1 is potential
effects of GRFi on IGFBP. As anticipated (19), GRFi increased serum
IGFBP-2 (84). In contrast to IGF-1, FFL (< 4 mm follicles) concentrations of
IGFBP-2 were not significantly effected by GRFi. However, apparent
concentrations of FFL IGFBP-3 were decreased by GRFi. IGFBP-3 has been
demonstrated in vitro to have inhibitory and stimulatory effects on IGF-I
action (19). Most effects of IGFBP on IGF-I-mediated FSH action in ovarian
cultures have been inhibitory (35,36,85,86). Consistent with this effect is the
observation that diabetes increases follicular atresia (31) and 31 kDa IGFBP in
swine (32,33). Future studies will be necessary to clearly define the role of
IGFBP in mediating the effects of GRFi on puberty in heifers.

Initial experiments have been conducted with the goal of stimulating
preovulatory follicular growth and ovulation in acyclic, GRFi heifers. Acyclic,
GRF1 heifers were administered recombinant ST (sometribove) or vehicle daily
for 56 days (82). Ultrasonography of follicles revealed that diameter of largest
follicle was increased after 3 days of ST; however, a chronic effect on ovarian
function was not detected. Future replacement therapies may need to be
initiated at 3 to 6 mo of age to be effective.

Collectively, these studies indicate that follicular growth between 3 and
6 mo of age 1s particularly sensitive to alterations in serum and(or) ovarian
IGF-I. In addition, we speculate that GRFi at 3 mo of age disrupts normal
patterns of follicular growth. Waves or cycles of follicular growth have been
reported for prepuberal heifers (87,88); therefore, GRFi may delay puberty by
altering or blocking waves of follicular growth.

Immuno-neutralization of GRF may decrease follicular growth through
effects mediated at the ovary, pituitary and(or) hypothalamus. Certainly
further studies are necessary; hiowever, the absence of effects on serum LH in
two studies (72,83) provides strong evidence for an ovarian effect. Studies in
rats (89) and mice (90) with low serum ST and delayed puberty also provide
evidence for gonadal effects of IGF-I. It is of equal importance to elucidate the
component(s) of the GRF-ST-IGF-I axis that mediates GRFi effects on
ovarian function. The wealth of information with regard to effects of IGF-I on
granulosa cell function (35-37) leads to strong speculation that IGF-I is an
important mediator. IGF-I may have direct effects at the ovary through
paracrine, autocrine or endocrine effects. Somatotropin may be involved,
certainly via alteration of serum IGF-I, but also via effects on the ovary.
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Determination of effects of GRFi on tissue (hypothalamus or ovarian)
expression of putative signals such as IGF-I, IGFBP-2, -3, -4- and(or) -5 1s
necessary to begin to elucidate this mechanism.

In conclusion, active immunization against GRF (through associated
changes in ST, IGF-I, and(or) insulin) results in aberrations in follicular
growth, possibly mediated through alteration in follicular IGF-1 and(or)
IGFBP. However, a direct effect of GRFi on ovarian GRF cannot be
excluded. Clearly, GRFi at 3 mo of age altered follicular growth culminating
in delay in normal timing of estrus. Future studies will be required to better
elucidate the site through which lowered IGF-I , ST and(or) GRF alter
follicular growth, ultimately delaying puberty. These data indicate that
follicular growth and associated endocrine events from 3 to 6 mo of age are
critically important for normal onset of puberty.

Acknowledgements: The use of trade names in this publication does not imply endorsement by
the North Carolina ARS or criticism of similar products not mentioned. Research reported in this
publication was funded by the North Carolina ARS and Competitive Research Grants
Office/USDA (90-37240-5511). Recombinantly-derived somatotropin (ST) was obtained from
Monsanto Co. Purified ovine ST, ST antiserum (by A.F. Parlow, Pituitary Hormones and
Antisera Center, Torrance, CA, U.S.A.), and human insulin-like growth factor 1 antiserum (by L.
Underwood and J.J. Van Wyk, Chapel Hill, NC, U.S.A.) were obtained through the National
Hormone and Pituitary Program, NIDDK, and Univ. of Maryland, School of Med., Baltimore,
MD, U.S.A. Appreciation is expressed to D. Askew, L. Cole, M. Galloway, V. Hedgpeth, B. Huff,
C. Kirby, C. Marsh, Jr., D. Shaw, P. Stricker and T. Wise for their technical assistance.

REFERENCES

1. Lesmeister JL, Burfening PJ, Blackwell RL. Date of first calving in beef cows and subsequent
calf production. J Anim Sci 1973; 36: 1-6.

2. Moran C, Roche JF. Puberty in heifers: a review. Anim Reprod Sci 1989; 18: 167-182.

3. Kinder JE, Day ML, Kittok RJ. Endocrine regulation of puberty in cows and ewes. J Reprod
Fertil 1987; Suppl. 34: 167-186.

4, Day ML, Imakawa K, Pennel PL, et. al. Influence of season and estradiol on secretion of
luteinizing hormone in ovariectomized cows. Biol Reprod 1986; 35: 549-553.

5. Day ML, Imakawa K, Wolfe PL, Kittok RJ, Kinder JE. Endocrine mechanisms of puberty in
heifers: Role of hypothalamo-pituitary estradiol receptors in the negative feedback of estradiol
on luteinizing hormone secretion. Biol Reprod 1987; 37: 1054-1065.

6. Kiser TE, Kracling M;, Rampacek GB. LH secretion before and after ovariectomy in
prepubertal and pubertal beef heifers. J Anim Sci 1981; 53: 1545-1550.

7. Schillo KK, Dicrschke DJ, Hauser ER. Regulation of LH secretion in prepubertal heifers:
Increased threshold to the negative feedback action of estradiol. J Anim Sci 1982; 54: 325-336.

8. McLeod BJ, Peters AR, Haresign W, Lamming GE. Plasma LH and FSH responses and
ovarian activity in prepubertal heifers treated with repeated injections of low doses of GnRH
for 72 h. J Reprod Fert 1985; 74: 589-596.

9. Seidel GE, Larson LL, Foote RH. Effects of age and gonadotropin treatment on
superovulation in the calf. J Anim Sci 1971; 33: 617-622.




10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

189

Skaggs CL, Able BV, Stevenson JS. Pulsatile or continuous infusion of luteinizing
hormone-releasing hormone and hormonal concentrations in prepubertal beef heifers. J Anim
Sci 1986; 62: 1034-1048.

Schams D, Schallenberger E, Gombe S, Karg H. Endocrine patterns associated with puberty
in male and female cattle. J Reprod Fert Suppl 1981; 30: 103-110.

Armstrong JD, Britt JH. Nutritionally-induced anestrus in gilts: metabolic and endocrine
changes associated with cessation and resumption of estrous cycles. J Anim Sci 1987;
65: 508-523.

Britt JH, Armstrong JD, Cox NM. Metabolic interfaces between nutrition and reproduction
in pigs. 11th Int Congr Anim Reprod 1988; 1: 118-120.

Foster DL, Yellon SM, Olster DH. Internal external determinants of the timing of Puberty in
the female. J Reprod Fertil 1988; 75: 327-344.

Bronson FH, Manning JM. The energetic regulation of ovulation — a realistic role for body
fat — minireview. Biol Reprod 1991; 44: 945-950.

Cameron JL, Metabolic cues for the onset of puberty. Horm Res 1991; 36: 97-103.
Richards MW, Wettemann RP, Schoenemann HM. Nutritional anestrus in beef COws
— concentrations of glucose and nonesterified fatty acids in plasma and insulin in serum.
J Anim Sci 1989; 67: 2354-2362.

Foster DL, Ebling FJP, Vannerson LA, Bucholtz DC, Wood RI, Micka AF. Modulation of
gonadotropin secretion during development by nutrition and growth. 11th Int Congr Anim
Reprod 1988; 1. 101-103.

Cohick WS, Clemmons DR. The insulin-like growth factors. Annual Review Physiology 1992;
(in press).

Clemmons DR, Underwood LE. Nutritional regulation of IGF-I and IGF binding proteins.
Ann Rev Nutr 1991; 11: 393-412.

McGuire MA, Vicini JL, Bauman DE, Veenhuizen JJ. Insulin-like growth factors and binding
proteins in ruminants and their nutritional regulation. J Anim Sci 1992; 70: 2901-2910.
Breier BH, Bass JJ, Butler JH, Gluckman PD. The somatotrophic axis in young steers:
influence of nutritional status on pulsatile release of growth hormone and circulating
concentrations of insulin-like growth factor 1. J Endocrinol 1986; 111: 209-215.

Elsasser TH, Rumsey TS, Hammond AC. Influence of diet on basal and growth
hormone-stimulated plasma concentrations of IGF-1 in beef cattle. J Anim Sci 1989,
67: 128-141.

Granger AL, Wyatt WE, Craig WM, Thompson DL, Hembry FG. Effects of breed and
wintering diet on.growth, puberty and plasma concentrations of growth hormone and
insulinlike growth factor 1 in heifers. Domest Anim Endocrinol 1989; 6: 253-262.

Breier BH, Gluckman PD, Bass JJ. Influence of nutritional status and oestradiol-17b on
plasma growth hormone, insulin-like growth factors-I and -II and the response to exogenous
growth hormone in young steers. J. Endocrinol 1988; 118: 243-250.

Simmen FA. Expression of the insulin-like growth factor-I gene and its products — complex
regulation by tissue specific and hormonal factors. Domest Anim Endocrinol 1991; 8:
165-178.

Goldstein S, Harp JB, Phillips LS. Nutrition and somatomedin.22. molecular regulation
of insulin-like growth factor-I during fasting and refeeding in rats. J Molecular Endocrinol
1991; 6: 33-43.

Thissen JP, Triest S, Moats-Staats BM et al. Evidence that pretranslational and translational
defects decrease serum insulin-like growth factor-I concentrations during dietary protein
restriction. Endocrinology 1991; 129: 429-435.

Lewitt MS, Baxter RC. Insulin-like growth factor-binding protein-1 —— a role in glucose
counterregulation. Mol Cell Endocrinol 1991; 79: C147-C152.



190

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Snyder DK, Clemmons DR. Insulin-dependent regulation of insulin-like growth factorbinding
protein-1. J Clin Endocrinol Metab 1990; 71. 1632-1636.

Meurer KA, Cox NM, Matamoros 1A, Tubbs RC. Decreased follicular steroids and
insulin-like growth factor-I and increased atresia in diabetic gilts during follicular growth

‘stimulated with PMSG.- J Reprod Fertil 1991; 91: 187-196.

Cox NM, Carlton CA, Mannis DL, Tubbs RC, Moore AB. Acute onset of daibetes mellitus
during the estrous cycle alters follicular development and prevents ovulation. Biol Reprod
1991; 44 (Suppl.1): 66.

Hughey TC, Howell JL, Cox NM. Insulin-like growth factor-1 binding protein activity
in ovarian follicles during experimental diabetes mellitus in the pig. Biol Reprod 1992;
46 (Suppl. 1): 113. '
Gallaher BW, Breier BH, Oliver MH, Harding JE, Gluckman PD. Ontogenic differences in
the nutritional regulation of circulating IGF binding proteins in sheep plasma. Acta Endcrinol
1992; 126: 49-54.

Adashi EY, Resnick CE, Hurwitz A, et al. Insulin-like growth factors -- the ovarian
connection — review. Human Reprod 1991; 6: 1213-1219.

Hammond JM, Mondschein JS, Samaras SE, Canning SF. The ovarian insulin-like growth
factors, a local amplification mechanism for steroidogenesis and hormone action. J. Steroid
Biochem. Mol Biol 1991; 40: 411-416.

Hammond JM, Mondschein JS, Samaras SE, Smith SA, Hagen DR. The ovarian insulin-like
growth factor system. J Reprod Fert 1991; supp. 43: 199-208. '
Grimes RW-, Samaras SE, Barber JA, Shimasaki S, Ling N, Hammond JM. Gonadotropin
and cAMP modulation of IGF binding protein production in ovarian granulosa cells. Amer
J Physiol 1992; 262: E497-E503.

Nakatani A, Shimasaki S, Erickson GF, Ling N. Tissue-specific expression of four insulin-like
growth factor-binding protein-1, protein-2, protein-3, and protein-4 in the rat ovary.
Endocrinology 1991; 129: 1635-1643.

Mondschein JS, Smith SA, Hammond JM. Production of insulin-like growth factor binding
proteins (IGFBPs) by porcine granulosa cells -— identification of IGFBP-2 and IGFBP-3 and
regulation by hormones and growth factors. Endocrinology 1990; 127: 2298-2306.

Adashi EY, Resnick CE, Hurwitz A, Ricciarelli E, Hernandez ER, Rosenfeld RG. Ovarian
granulosa cell-derived insulin-like growth factor binding proteins - modulatory role of
follicle-stimulating hormone. Endocrinology 1991; 128: 754-760.

Grimes RW, Hammond JM. Insulin and insulin-like growth factors (IGFs) stimulate
production of IGF-binding proteins by ovarian granulosa cells. Endocrinology 1992; 131:
553-558.

Gallo GF, Block E. Effects of recombinant bovine somatotropin on hypophyseal and ovarian
functions of lactating dairy cows. Can J Anim Sci, 1991; 71: 343-353.

Gong JG, Bramley T, Webb R. The effect of recombinant bovine somatotropin on ovarian
function in heifers — follicular populations and peripheral hormones. Biol Reprod 1991,
45: 941-949.

Murphy MG, Rath M, Ocallaghan D, Austin FH, Roche JF. Effect of bovine somatotropin
on production and reproduction in prepubertal friesian heifers. J Dairy Sci 1991; 74
2165-2171.

McShane TM, Schillo KK, Boling JA, Bradley NW, Hall JB. Effects of recombinant
DNA-derived somatotropin and dietary energy intake on development of beef heifers: 1.
Growth and puberty. J Anim Sci 1989; 6T 2230-2236.

Rieger D, Walton JS, Goodwin ML, Johnson WH. The effect of co-treatment with
recombinant bovine somatotrophin on plasma progesteronc concentration and number of
embryos collected from superovulated holstein heifers. Theriogenology 1991; 35: 863-868.



48.

49.

50.

51.

52.

53.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

64.

191

Schemm SR, Deaver DR, Griel LC, Muller LD. Effects of recombinant bovine somatotropin
on luteinizing hormone and ovarian function in lactating dairy cows. Biol Reprod 1990;
42: 815-821.

Bryan KA, Hammond JM, Canning S et. al. Reproductive and growth responses of gilts to
exogenous porcine pituitary growth hormone. J Anim Sci 1989; 67: 196-205.

Bryan KA, Clark AM, Hammond JM, Hagen DR. Effect of constant versus adjusted dose of
exogenous porcine growth hormone (pgh) on growth and reproductive characteristics of gilts.
J Anim Sci 1991; 69: 2980-2987.

Bryan KA, Hagen DR, Hammond JM. Effect of frequency of administration of exogenous
porcine growth hormone on growth and carcass traits and ovarian function of prepubertal
gilts. J Anim Sci 1992; 70: 1454-1463.

Samaras SE, Hagen DR, Shimasaki S, Ling N, Hammond JM. Expression of insulinlike
growth factor-binding protein-2 and protein-3 messenger ribonucleic acid in the porcine ovary
— localization and physiological changes. Endocrinology 1992; 130: 2739-2744.

Spicer 1J, Klindt J, Buonomo FC, Maurer R, Yen JT, Echternkamp SE. Effect of porcine
somatotropin on number of granulosa cell luteinizing hormone/human chorionic
gonadotropin receptors, oocyte viability, and concentrations of steroids and insulin-like
growth factors I and II in follicular fluid of lean and obese gilts. J Anim Sci 1992; 70:
3149-3157.

. DeLaSota RL, Lucy MC, Staples CR, Thatcher WW. Effects of recombinant bovine

somatotropin (sometribove) on ovarian function in lactating and nonlactating dairy cows.
J Dairy Sci 1992; 75 (in press).

Lucy MC, DeLaSota RL, Staples CR, Thatcher WW. Ovarian follicular populations in
lactating dairy cows treated with recombinant bovine somatotropin (sometribove) or saline
and fed diets differing in fat content and energy. J Dairy Sci 1992; 75 (in press).
Homburg R, West C, Torresani T, Jacobs HS. Cotreatment with human growth hormone
and gonadotropins for induction of ovulation — a controlled clinical trial. Fertil Steril
1990; 53: 254-260.

Lucy MC, Collier RJ, Kitchell ML, Dibner JJ, Hauser SD, Krivi GG. Immunohistochemical
and nucleic acid analysis of somatotropin receptor populations in bovine ovary. J Anim Sci
1992; 70 (Suppl. 1): 259.

Elliott JL, Oldham JM, Ambler GR; et al. Presence of insulin-like growth factor-1 receptors
and absence of growth hormone receptors in the antler tip. Endocrinology 1992; 130:
2513-2520.

Isgaard J. Expression and regulation of IGF-T in cartilage and skeletal muscle. Growth Regulat
1992; 2: 16-22.

Lowe WL, Adamo M, Werner H, Roberts CT, Leroith D. Regulation by fasting of rat
insulin-like growth factor-I and its receptor — effects on gene expression and binding. J Clin
Inv 1989; 84: 619-626.

Michels KM, Saavedra JM. Differential development of insulin-like growth factor-I binding in
the suprachiasmatic nucleus and median eminence of the rat hypothalamus.
Neuroendocrinology 1991; 54: 504-514.

Bohannon NJ, Corp ES, Wilcox BJ, Figlewicz DP, Dorsa DM, Baskin DG. Localization of
binding sites for insulin-like growth factor-1 (IGF-1) in the rat brain by quantitative
autoradiography. Bio! Reprod 1988; 444: 205.

Hiney JK, Ojeda SR, Dees WL. Insulin-like growth factor-I — a possible metabolic
signal involved in the regulation of female puberty. Neuroendocrinology 1991; 54:
420-423.

Spicer 1J, Enright WJ. Concentrations of insulin-like growth factor I and steroids in follicular
fluid of preovulatory bovine ovarian follicles: effect of daily injections of a growth



192

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

hormone-releasing factor analog and(or) thyrotropin-releasing hormone. J Anim Sci 1991; 69:
1133-1139. '

Moretti C, Bagnato A, Solan N, Frajese G, Catt KJ. Receptor-mediated actions of growth
hormone releasing factor on granulosa cell differentiation. Endocrinology 1990; 127:
2117-2126.

Moretti C, Fabbri A, Gnessi L, et al. Immunohistochemical localization of growth hormone-
releasing hormone in human gonads. J Endocrinol Inv 1990; 13: 301-305.

Spicer LJ, Langhout DJ, Alpizar E et al. Effects of growth hormone-releasing factor and
vasoactive intestinal peptide on proliferation and steroidogenesis of bovine granulosa cells.
Mol Cel Endocrinol 1992; 83: 73-78.

Bagnato A, Moretti C, Ohnishi J, Frajese G, Catt KJ. Expression of the growth
hormone-releasing hormone gene and its peptide product in the rat ovary. Endocrinology
1992; 130: 1097-1102.

Armstrong JD, Esbenshade KL, Coffey MT, et al. Opioid control of growth hormone in the
suckled sow is primarily mediated through growth hormone releasing factor. Domest Anim
Endocrinol 1990; 7: 191-198.

Armstrong JD, Esbenshade KL, Johnson JL, et al. Active immunization of pigs against
growth hormone releasing factor: Effect on concentrations of growth hormone and insulin-like
growth factor L. J Anim Sci 1990; 68: 427-434.

Moore KL, Armstrong JD, Harvey RW, Campbell RM, Heimer EP. Effect of active
immunization against growth hormone releasing factor on concentrations of somatotropin
and insulin-like growth factor I in lactating beef cows. Domest Anim Endocrinol 1992;
9: 125-139.

Simpson RB, Armstrong JD, Harvey RW, Miller DC, Heimer EP, Campbell RM. Effect of
active immunization against growth hormone- releasing factor on growth and onset of puberty
in beel heifers. J Anim Sci 1991; 69: 4914-4924.

Armstrong JD, Harvey RW, Campbell RM, Heimer EP. Active immunization against growth
hormone releasing factor decreases somatotropin, insulin-like growth factor I, glucose, insulin
and increases urea nitrogen in large framed steers. J Anim Sci 1992; 70 (Suppl. 1): 31.
Eisemann JH, Hammond AC, Bauman DE, et al. Effect of bovine growth hormone
administration on metabolism of growing hereford heifers: protein and lipid metabolism and
plasma concentrations of metabolites and hormones. J Nutr 1986; 116: 2504-2515.
Eisemann JH, Hammond AC, Rumsey TS, Bauman DE. Nitrogen and protein metabolism
and metabolites in plasma and urine of beef steers treated with somatotropin. J Anim Sci 1989,
67: 105-115.

Etherton TD, Smith SB. Somatotropin and R-adrenergic agonists: their efficacy and
mechanisms of action. J Anim Sci 1991; 69 (Suppl. 2): 2-26.

Coffey MT, Armstrong JD, Esbenshade KL. Effect of active immunization against growth
hormone releasing factor (GRF) on metabolism of sows. J Anim Sci 1989; 67(S1): 197.
Harvey RW, Armstrong JD, Hogarth BW, Campbell RM, Heimer EP. Effect of active
immunization against growth hormone releasing factor on growth and deposition of
intramuscular fat in large framed steers. J Anim Sci 1991; 69 (Suppl. 1): 30.

Stanko RL, Armstrong JD, Cohick WS, et al. Effect of somatotropin and(or) pregnant mare
serum gonadotropin on serum and follicular insulin-like growth factor I (IGF-1) and IGF
binding protein-2 in cattle. J Anim Sci. 1992; 70 (Suppl. 1): 2.

Cohick WS, Mcguire MA, Clemmons DR, Bauman DE. Regulation of insulin-like growth
factor-binding proteins in serum and lymph of lactating cows by somatotropin. Endocrinology
1992; 130: 1508-1514.

Vicini JL, Buonomo FC, Veenhuizen JJ, Miller MA, Clemmons DR, Collier RJ. Nutrient

. balance and stage of lactation affect responses of insulin, insulin-like growth factor-1 and



82.

83.

84.

85.

86.

87.

38.

89.

90.

193

factor-Il, and insulin-like growth factor-binding protein-2 to somatotropin administration in
dairy cows. J Nutr 1991; 121: 1656-1664.

Stanko RL, Armstrong JD, Harvey RW, Simpson RB, Miller DC. Effect of daily replacement
therapy with sometribove on serum somatotropin, insulin, glucose and onset of puberty in
growth hormone releasing factor-immunized heifers. J Anim Sci 1991; 69 (Suppl. 1): 40.
Stanko RL, Armstrong JD, Harvey RW, Heimer EP, Campbell RM. Effect of feed restriction
or active immunization against growth hormone releasing factor on serum insulinlike growth
factor 1. J Anim Sci 1992; 70 (Suppl. 1): 275.

Armstrong JD, Cohick WS, Harvey RW et al. Effect of active immunization against growth
hormone releasing factor on follicular growth, serum and follicular insulin-like growth factor
I (IGF-I) and IGF binding proteins. J Anim Sci 1992; 70 (Suppl. 1): 275.

Bicsak TA, Ling N, Depaolo LV. Ovarian intrabursal administration of insulin-like growth
factor-binding protein inhibits follicle rupture in gonadotropin-treated immature female rats.
Biol Reprod 1991; 44: 599-603.

Ui M, Shimonaka M, Shimasaki S, Ling N. An insulin-like growth factor-binding protein in
ovarian follicular fluid blocks follicle-stimulating hormone- stimulated steroid production by
ovarian granulosa cells. Endocrinology 1989; 125: 912-916.

Peebles JL, Silcox RW, Byerley DJ, Kiser TE, Kraeling RR. Folliculogenesis in pubertal and
prepubertal Holstein heifers. J Anim Sci 1991; 69 (Suppl. 1): 432,

Evans ACO, Rawlings NC. The endocrinology of the prepubertal Hereford heifer. 12th Int
Congr Anim Reprod 1992; 2: 948-950.

Advis JP, White SS, Ojeda SR. Activation of growth hormone short loop negative feedback
delays puberty in the female rat. Endocrinology 1981; 108: 1343-1352.

Chatelain PG, Sanchez P, Sacz JM. Growth hormone and insulin-like growth factor
I treatment increase testicular luteinizing hormone receptors and steroidogenic responsiveness
of growth hormone deficient dwarf mice. Endocrinology 1991; 128: 1857-1862.

Author’s address: J.D. Armstrong, Department of Animal Science, Box 7621, North

Carolina State University, Raleigh, NC 27695-7621 U.S.A.

13 — Journal of Physiology and Pharmacology





